Abstract: This paper addresses the problem of coordinating multiple mobile robots in searching for and capturing a mobile target, with the aim of reducing the capture time. Compared with the previous algorithms, we assume that the target can be detected by any robot and captured successfully by two or more robots. In this paper, we assume that each robot has a limited communication range. We maintain the robots within a mobile network to guarantee the successful capture. In addition, the motion of the target is modeled and incorporated into directing the motion of the robots to reduce the capture time. A coordination algorithm considering both aspects is proposed. This algorithm can greatly reduce the expected time of capturing the mobile target. Finally, we validate the algorithm by the simulations and experiments.
Introduction
Multirobot system becomes more and more popular along with the development of single robot system. The issues and challenges of distributed autonomous robotics are intensively explored by Parker [1] . One of the issues is task allocation, which has been extensively studied by Gerkey and Mataric [2] . In this paper, we focus on another issue, namely coordinating a swarm of autonomous agents in searching for and capturing a mobile target with minimum time. Such an issue originates from the pursuitevasion games and can be abstracted from a wide variety of applications. For example, in the search and rescue scenarios, we often need to search an environment for survivors who stay still or move randomly. Furthermore, we are always required to locate and track friendly or hostile targets in the military field.
Currently, the topic of multirobot system has attracted many researchers. The existing work on coordinating multiple mobile robots to search for and capture single or several targets can be categorized into two classes. One is to guarantee the absolute capture of the target. The excellent work is shown in references [3∼7] . The other is to reduce the capture time of the target. The related work can be found in reference [8] . In many applications, it is very desirable to find the target in as little time as possible. This paper follows the principle of reducing the capture time to increase the chances of survival, mission success, and profit.
Different from the previous algorithms [9∼15], we have made three assumptions. The first is that the target can be detected by any robot when they are close enough to the target. The second is that each robot has a limited communication range. The third is that a successful capture requires two or more robots at the same time. These assumptions are reasonable in practice due to the limited capability of single robot. For example, an ant is able to find large food, but it is impossible for any of them to move the food alone. Furthermore, the assumption of limited communication range is often ignored in the previous studies.
In this paper, we firstly formulate the problem with a probabilistic framework, and transform it into an optimal problem. Based on the problem definition, we propose a probabilistic and distributed strategy to coordinate multiple mobile robots in searching for and capturing a mobile target, with the aim of reducing the capture time. In the strategy, the environment map is discretized into a number of cells or rooms. The motion of the target is modeled and incorporated into directing the motion of the robots. Thus, the capture time can be reduced efficiently. In addition, the robots are required to be within a mobile network for two objectives: one is to avoid collisions with each other, and the other is to keep communicating with at least one other robot. Therefore, a successful capture is achieved once the target is detected. The robots' trajectories are determined by cost functions, which are designed based on the information of the target model and the adjacent robots. The target is captured with minimum time when the robots move along these trajectories. Simulation and experimental results validate the proposed algorithms.
The rest of this paper is organized as follows. Section 2 describes the related work in the field of multirobot coor-dination. Section 3 gives a mathematical definition of the multirobot coordination problem. We explain the multirobot coordination algorithm in Section 4, and present the simulation and experimental results in Section 5. Finally, Section 6 draws conclusions and discusses future work.
Related work
In the past few years, coordinating numerous agents to complete a complex task is a hot topic. The previous work paid great attention to the exploration of unknown environments and searching-tracking-capture in known or unknown environments. Many efforts have been made from the point view of the pursuit-evasion games [3∼8, 16∼19] . in reference [3], the probabilistic pursuit-evasion game framework was firstly pointed out to solve a game involving multiple pursuers and one randomly moving evader. In the framework, the polygonal environments are assumed and discretized into conservative visibility regions. A greedy policy is then proposed to control a swarm of autonomous agents in the pursuit of one or more evaders. At each time instant, this policy guides the pursuers to the locations that maximize the probability of finding an evader at that time instant. Under mild assumptions, this policy guarantees that an evader is found in a finite time, and the expected time needed to find the evader is also finite. Vidal et al. extended the framework to solve a pursuit-evasion game involving multiple pursuers and multiple randomly moving evaders [4] . They addressed the technical challenges and implementation issues of multiagent operation. Furthermore, Hollinger et al. studied the pursuit-evasion problem involving multiple pursuers and a nonadversarial evader, with the aim to minimize the expected time of capture rather than guaranteeing capture [8] .
In that algorithm, the motion of the evader was modeled and incorporated into directing the motion of the pursuers. The expected capture time is greatly reduced according to the simulation and experimental results.
Compared with single robot, one of the advantages of multirobot system is that they can share information with each other. Currently, a few efforts have been made to handle the limited communication range of the robots [9, 10, 20∼23] . in reference [9] , Clark et al. proposed the concept of a dynamic robot network to plan paths for the robots operating in the same environment. In the algorithm, all the robots are assumed to have limited sensing range and limited communication range. This implies that each robot can only sense the environment it travels and exchange information with those robots who can communicate with it directly or indirectly. A dynamical robot network is formed as long as some robots move close enough. However, such a concept is not totally distributed because a central agent is assumed to receive and send data information in the implementation. in reference [10], Vazquez and Malcolm also dealt with the limited communication range of the robots and proposed a distributed multirobot mapping method in the field of multirobot exploration. In the method, all the robots exploring the environment attempt to maintain a mobile network so that the environment map can be updated immediately and keep the environmental map obtained from different robots consensus at any given time.
Problem definition
The problem is defined as controlling a swarm of autonomous robots to search for and capture a mobile target. In order to formulate such a problem, we assume that the environment is a structured environment denoted by Ω. The environment can be discretized into a finite collection of cells denoted by χ := {1, 2, · · · , n c }. All events occur on a set of discrete time instant T := {1, 2, · · · }. The number of the robots is assumed to be n R . The state of the ith robot at time t is assumed to be s R i (t), and the state of the target at time t is known with a certain probability to be s
where the values p 1 (t), · · · , p nc (t) represent the probability at time t that the target is in the corresponding cell. Then, the row vector p(t) can be considered as the state of the target at time t.
Based on the definition of the states of the robots, the variable
| is defined as the distance between the ith robot and the jth robot at time t. The variable d i (t) = min{d ij (t)} is defined as the minimum distance from the ith robot to all the other robots at time t. The variable d i (t) is used to select a robot that is nearest to the ith robot. We define three constant variables D avoid , D pre , and D com in order to coordinate different robots. D avoid represents the minimum distance between any two robots; D pre represents a preventive constant in order to avoid losing communication; D com represents the maximum communication distance between any two robots. Therefore, the coordination of the robots is to enable the robots avoiding collisions and avoiding losing communication with others.
Finally, we define the event of a successful capture as follows:
∀ε, ∃i, |s
For any given ε, if there exists a robot i close enough to the target and at least one another robot is within the robot's communication range, then a successful capture happens or the capture task is completed.
The robots' goal is to minimize the expected time of reaching a successful capture event. Therefore, the coordination problem is transformed into the determination of the paths for the robots such that the probability of the capture is maximized at any given time.
